ABSTRACT Zebra chip (ZC), an economically important disease of potato, is caused by 'Candidatus Liberibacter solanacearum' (Lso) transmitted by the potato psyllid, Bactericera cockerelli (Š ulc) (Hemiptera: Triozidae). Currently, using insecticides against potato psyllid is the only means to manage ZC. However, the ability of the potato psyllid to rapidly transmit Lso represents a substantial challenge in preventing the spread of ZC. Cyantraniliprole, a novel second-generation anthranilic diamide insecticide has been shown to deter insect feeding and reduce disease transmission. During this study, the effect of cyantraniliprole on potato psyllid probing behavior was assessed using electrical penetration graph technology and compared with abamectin, a commonly used insecticide to control potato psyllid. Results showed that both cyantraniliprole and abamectin significantly deterred probing behavior of the potato psyllid. Average duration of intercellular stylet penetration on cyantraniliprole-and abamectin-treated and untreated control plants was 2.36, 1.80, and 9.15 h, respectively. It took psyllids 1.82, 1.10, and 2.42 h to reach the xylem of cyantraniliprole-and abamectin-treated and untreated plants, respectively. Xylem sap ingestion duration averaged 0.53, 0.57, and 3.66 h on cyantraniliprole-and abamectin-treated and untreated controls, respectively. None of the psyllids exposed to insecticide-treated plants reached the phloem tissue, except one that bypassed the xylem. The insects completely ceased probing after 4.44 and 3.64 h on cyantraniliprole-and abamectin-treated plants, respectively, in contrast with those on untreated plants that probed throughout the entire 24-h experiment duration. These results indicate that cyantraniliprole is as effective as abamectin in deterring potato psyllid feeding and could significantly reduce transmission of Lso and the spread of ZC.
targeted against the potato psyllid are the only effective means to manage ZC (Munyaneza 2012 (Munyaneza , 2015 . A report by Buchman et al. (2011) indicated that a single potato psyllid was effective in inducing ZC, when given an inoculation access period as short as 6 h. More recent studies, however, showed that the potato psyllid can effectively transmit Lso to potato in less than 10 min, once its stylet has reached the phloem tissue (Mustafa 2014) . This rapid Lso transmission by the potato psyllid represents a substantial challenge for growers in controlling this insect vector and preventing ZC transmission. Just a few liberibacter-infective psyllids feeding on potato for short periods could result in substantial spread of the disease within a potato field or region. Most importantly, pesticides may have limited disease control, as they may not kill the potato psyllid fast enough to prevent Lso transmission to potato. Therefore, there is an urgent need to develop management tools that can have deterrent and repellent effects on potato psyllid feeding and oviposition and can lead to rapid psyllid feeding cessation.
Cyantraniliprole is the second-generation anthranilic diamide insecticide but the first with a cross-spectrum activity on sucking and chewing insect pests of multiple crops and also against other insect pests such as thrips and fruit flies. This new class of compounds affects ryanodine receptors in insect muscles, causing impairment of insect muscle function resulting in rapid feeding cessation in different groups of insects (Gonzales-Coloma et al. 1999 , Lahm et al. 2005 , Cordova et al. 2006 , Sattelle et al. 2008 , Selby et al. 2013 . Cyantraniliprole has been shown to deter feeding and oviposition in hemipteran insect vectors (e.g., whiteflies, aphids, and psyllids) and thrips and reduce disease transmission (Foster et al. 2012; Cameron et al. 2013; Kennedy 2013, 2014; Tiwari and Stelinski 2013; Civolani et al. 2014; Ammar et al. 2015; Rattan et al. 2015) . This insecticide has systemic activity (Barry et al. 2014) , and it is readily taken up by plant roots and acropetally translocated via the xylem vascular system. It also has translaminar activity when applied to the foliage (Cameron et al. 2013 , Barry et al. 2014 ).
An innovative technology known as "electrical penetration graph (EPG)" (McLean and Kinsey 1964, Backus and Bennett 2009 ) is a very useful tool to assess stylet probing behavior of hemipterans and other piercing-sucking insects, including psyllids (Tjallingii 1985; Tjallingii et al. 2010; Butler et al. 2012; Kennedy 2013, 2014; Civolani et al. 2014; Pearson et al. 2014) . EPG electrically records the changes in resistance in the form of consistent and repeated patterns referred to as "waveforms" that relate to the different stylet penetration activities of sucking insects, such as salivation, ingestion, and cell punctures, and provides information on stylet tip position in specific plant tissues and total time spent at each location (Tjallingii 1985 , Civolani et al. 2014 , Pearson et al. 2014 . EPG has been successfully used to assess the effects of insecticides on feeding behavior of piercing-sucking insect pests, including psyllids, whiteflies, aphids, and thrips (Jiang et al. 2000; Butler et al. 2012; Kennedy 2013, 2014; Serikawa et al. 2013; Civolani et al. 2014) .
Herein, we report results of a comparative study that used EPG technology to assess the effects of cyantraniliprole and abamectin on the feeding behavior of the potato psyllid on potato.
Materials and Methods
Feeding behavior of B. cockerelli was assessed on potato plants treated with cyantraniliprole (Exirel 100 SE, DuPont Crop Protection, Wilmington, DE) under laboratory conditions. Abamectin (Agri-Mek 0.15EC, Syngenta Crop Protection, Greensboro, NC), an insecticide commonly used against B. cockerelli (Gharalari et al. 2009 , Guenthner et al. 2012 Insecticide Applications. Plants used in the experiment were treated with foliar applications of cyantraniliprole (Exirel 100SE) at a rate of 393.1 mg of product per 50 ml of water (equivalent to 1.5 liter of product or 150 g ai in 187 liter of water per Ha). Abamectin (AgriMek 0.15EC) was used for comparison and was applied at a rate of 284.7 mg of product per 50 ml of water (equivalent to 1.17 liter of product or 21.3 g ai in 187 liter of water per Ha). The plants were sprayed with each insecticide until run off. The treated plants were left to dry for 1 h and then kept in a greenhouse for 24 h before the EPG recordings. Untreated control plants were also included in the trial to serve as controls.
Electrical Penetration Graph (EPG) Recordings. Psyllid adults were collected from the laboratory-established colony and starved for 4 h prior to performing EPG recordings as described by Pearson et al. (2014) . Briefly, the starved psyllids were placed on ice in order to reduce their mobility. The immobilized individual psyllids were then secured by gently gripping their fore and hind wings with a pair of soft grip forceps (Bio Quip, Rancho Dominguez, CA). Once secured, the psyllids were tethered to an insect electrode using a hand-mixed silver glue adhesive, under a Leica MZ6 stereo microscope (Buffalo Grove, IL). The insect electrode consisted of a 3-cm-long copper wire that was soldered to the head of 3-mm-diameter brass nail. A 3-cm-long, 25.4-mm-diameter gold wire (sold as a 0.0010 in.; Sigmund Cohn., Mt. Vernon, NY) was attached to the copper wire of the insect electrode. The silver glue adhesive mixture consisted of 1:1:1 (v:v:w) of water-based white household glue, water, and silver flake (Inframat Advanced Materials LLC, Manchester, CT). The tethered insects were left at room temperature for a 30-min recovery and wiring adjustment period. The insect electrodes with an individual psyllid were then inserted into the EPG amplifier and the psyllids were placed directly on the abaxial surface of potato leaves of insecticide-treated or untreated plants. The probing behavior of each psyllid was recorded for 24 h on the EPG monitor under controlled conditions in an experimental room maintained at 25 6 1 C, 40 6 5% RH, with a photoperiod of 16:8 (L:D) h. The EPG waveforms resulting from the psyllid probing events were acquired using a 4-channel AC-DC EPG monitor (Backus and Bennett 2009 ; EPG Equipment Co., Otterville, MO). The EPG data output was digitized using a WinDaq DI-720 analog-to-digital (A-D) board and recorded with WinDaq Proþ acquisition software (DATAQ Instruments, Akron, OH) at a sample rate of 100 Hz, input impedances (Ri) of 10 9 Ohms (X), and DC substrate voltage. The psyllid probing waveforms were compared with those described by Pearson et al. (2014;  Fig. 1 ). The total number of waveform or probing events and time duration spent in intercellular stylet penetration or pathway phase (C); xylem-ingesting (G); salivation into phloem sieve elements (E1); and phloem sap ingestion (E2) were recorded ( Fig. 1 ; Pearson et al. 2014) . Furthermore, time to first probe; time to first xylem ingestion (G); time to first phloem salivation (E1) and phloem ingestion (E2) from the initial probe; and the total time to the last probe feeding from the start of EPG recordings were determined.
Fifty-eight psyllids in total were recorded, including 20 and 18 insects exposed to cyantraniliprole-and abamectin-treated plants, respectively, in addition to 20 psyllids exposed to untreated control plants.
Data Analysis. The probing behavior events and duration of intercellular stylet penetration or pathway phase and xylem ingestion were compared among psyllids feeding on cyantraniliprole-and abamectin-treated potato plants, in addition to untreated controls using GLIMMIX procedure of SAS 9.3 (SAS Institute 2012). Time to first probe, time to first xylem ingestion, and time to last probe were analyzed using the GLIMMIX (Restricted Maximum Likelihood) procedure of SAS 9.3 (SAS Institute 2012). Data were examined for heterogeneity of variance using residual plots and for nonnormality of errors using normal quantile-quantile plots. Based on plots, the DIST¼GAMMA option of the MODEL statement was included for analyses comparing time to first xylem ingestion or last probe or stop feeding (Gbur et al. 2012 ). Where differences among means were indicated by the overall ANOVA, means were compared using the simulation-based method by including the ADJUST¼SIMULATE option of the LSMEANS statement (Edwards and Berry 1987) .
Results
Probing Behaviors. Both cyantraniliprole and abamectin significantly altered feeding behavior of the potato psyllid compared with untreated control plants. The average time of intercellular stylet penetration or pathway phase (C; Fig. 2 ) was different among cyantraniliprole-and abamectin-treated plants compared with the untreated plants (F 2, 55 ¼ 28.72, P ¼ <0.0001), with mean duration of 2.36, 1.80, and 9.15 h on cyantraniliprole-, abamectin-treated, and untreated plants, respectively. Similarly, the average number of probing events during the stylet penetration phase (Fig. 3) was significantly different on insecticidetreated plants compared with the untreated controls (F 2, 55 ¼ 23.58, P ¼ <0.0001), with a mean number of 5.65, 7.5, and 24.25 events on cyantraniliprole-, abamectin-treated, and untreated plants, respectively. The average time during xylem ingestion (G; Fig. 2 ) was significantly different on cyantraniliprole-and abamectintreated plants compared with the untreated controls (F 2, 55 ¼ 10.11, P ¼ 0.0002), with a mean duration of 0.53, 0.57, and 3.66 h on cyantraniliprole-, abamectintreated, and untreated control plants, respectively. Similarly, the average number of probing events during xylem ingestion (Fig. 3) was significantly different on cyantraniliprole-and abamectin-treated plants compared with untreated controls (F 2, 55 ¼ 9.95, P ¼ 0.0002), with a mean number of 0.85, 1.00, and 3.75 events on cyantraniliprole-, abamectin-treated, and untreated plants, respectively. The time to first probe (Fig. 4) was not different on the insecticidetreated and untreated plants (F 2, 51 ¼ 0.60, P ¼ 0.55). The mean time to first probe (C) from the start of EPG recording was 0.23, 0.13, and 0.17 h for psyllids feeding on cyantraniliprole-, abamectin-treated, and untreated plants, respectively. Similarly, the time to first contact with the xylem tissues (Fig. 4) was not different on the insecticide-treated and untreated plants (F 2, 40 ¼ 2.01, P ¼ 0.15). The average time to reach the first xylem contact from the start of the EPG recordings was 1.82, 1.10, and 2.42 h for psyllids feeding on cyantraniliprole-, abamectin-treated, and untreated plants, respectively. None of the psyllids exposed to insecticide-treated plants reached the phloem tissue, except one insect that bypassed the xylem tissue of a cyantraniliprole-treated plant. The total time to last probe or stop probing from the start of EPG recordings (Fig. 4) was similar among the insecticide-treated plants (F 1, 36 ¼ 0.95, P ¼ 0.34), with a mean duration of 4.44 and 3.64 h for psyllids feeding on cyantraniliproleand abamectin-treated plants, respectively, in contrast with psyllids on untreated control plants that continuously fed or probed on the plants during the 24-h EPG recordings.
Discussion
Management of insect-transmitted plant pathogens is critical to minimize disease transmission and spread in crops (Perring et al. 1999; Munyaneza 2012 Munyaneza , 2015 , and insecticides constitute one of the most effective management tools. Insecticides can reduce plant pathogen transmission by direct insect vector mortality and reduction in feeding. Majority of insecticides do not hamper the feeding of insect vectors before death, allowing pathogen transmission (Perring et al. 1999 , Jiang et al. 2000 . The reduction in efficiency of pathogen transmission by insect vectors depends on how actively insecticides prevent insects to access the phloem or xylem tissue (Jiang et al. 2000) . Insecticides that produce rapid feeding cessation of insect vectors by affecting muscle contraction and inducing partial paralysis can also reduce the transmission of diseases by reducing pest movement and spread of these vectors within and between fields, reducing vector fecundity and fertility, and preventing colonization of pest populations.
The phloem-limited bacterium Liberibacter that causes zebra chip disease in potatoes is transmitted by the potato psyllid (Munyaneza 2012 (Munyaneza , 2015 . This bacterium can rapidly and effectively be transmitted to potato by its psyllid vector (Buchman et al. 2011 , Mustafa 2014 , and transmission has been shown to take less than 10 min once the insect stylets have reached the phloem vascular system of the plants (Mustafa 2014) . It normally takes 2 h for potato psyllid stylets to reach the phloem tissue of potato (Mustafa 2014). Therefore, new chemistry insecticides with a mode of action that can rapidly interfere with potato psyllid feeding are urgently needed to reduce Lso transmission and minimize ZC damage and spread.
Cyantraniliprole, a ryanodine receptor modulator, offers a novel mode of action against psyllids (Tiwari and Stelinski 2013, Ammar et al. 2105 ) and other economically important insect pests in a wide range of crops (Hardke et al. 2011 , Fettig et al. 2011 , Foster et al. 2012 , Barry et al. 2014 , Rattan et al. 2015 . Cyantraniliprole selectively activates the ryanodine receptors on the sarcoplasmic reticulum membrane in insect muscles, causing release and depletion of intercellular stores of calcium ions, resulting in muscle contraction and paralysis (Selby et al. 2013) .
Several studies have demonstrated that EPG technology can successfully be used to assess effects of insecticides on the feeding behavior of piercing-sucking insect pests and disease transmission, including psyllids (Butler et al. 2012 , Serikawa et al. 2013 , whiteflies (Jiang et al. 2000 , Civolani et al. 2014 , aphids (Jacobson and Kennedy 2014), and thrips (Jacobson and Kennedy 2013) . During the current study, EPG was used to examine feeding behavior of the potato psyllid when feeding on potato plants treated with cyantraniliprole and abamectin insecticides.
Results of the present EPG study showed that probing behavior of the potato psyllid was significantly affected when psyllids were allowed to feed on cyantraniliprole-or abamectin-treated potato plants compared with the untreated controls. The intercellular stylet penetration (C) duration and number of probing events were significantly higher in untreated control plants compared with the cyantraniliprole-or abamectintreated plants (Figs. 2 and 3) . Similarly, the number of events and time spent ingesting xylem sap (G) by potato psyllids exposed to untreated control plants were significantly higher and longer compared with those on cyantraniliprole-or abamectin-treated plants (Figs. 2 and 3) .
During the present EPG study, abamectin was compared with cyantraniliprole because it is widely used to control potato psyllid and has been shown to rapidly knock down this insect pest, especially the adults (Gharalari et al. 2009 , Guenthner et al. 2012 . Cyantraniliprole and abamectin showed comparable effects on the feeding behavior of the potato psyllid adults during this study. Both insecticides stopped psyllid feeding within the first 5 h from the start of the EPG recordings. Results of the present EPG study also revealed that potato psyllids generally reached the xylem tissue in <2 h from the start of the EPG recordings. Psyllids exposed to untreated plants first spent time ingesting the xylem sap before moving their stylets into the phloem tissue. Interestingly, while all psyllids feeding on cyantraniliprole-or abamectin-treated plants reached the xylem tissue and spent time ingesting the xylem sap, none of these insects reached the phloem tissue (Figs. 2 and 3) . The exception was one psyllid exposed to cyantraniliprole that reached the phloem tissue by bypassing the xylem tissue; this lone psyllid spent 1.22 h salivating into the phloem tissue and finally stopped probing altogether 4.66 h after the start of the EPG recording.
Furthermore, almost all the insects exposed to cyantraniliprole-or abamectin-treated plants ceased probing within 5 h from the first probe, unlike those on untreated plants that continuously probed throughout the entire 24-h EPG recordings. These observations suggest that the psyllid stylets come in contact with the insecticides during the intercellular stylet penetration phase and xylem sap ingestion, and the psyllid feeding behavior was disrupted by the insecticides during these times.
Using EPG, several studies have also shown that cyantraniliprole and immidacloprid insecticides significantly reduced the total amount of time spent probing as well as the number of phloem feeding and intracellular and intercellular stylet penetration events by potato psyllids (Butler et al. 2012) , aphids (Jacobson and Kennedy 2014) , thrips (Jacobson and Kennedy 2013) , and whiteflies (Civolani et al. 2014) . These studies concluded that these classes of insecticides could potentially play an important role in preventing transmission of plant pathogens associated with these insect pests.
In conclusion, results of the present EPG study clearly indicated that cyantraniliprole as well as abamectin significantly deterred the probing behavior of the potato psyllids. Both insecticides stopped potato psyllid feeding within 5 h following the first probe. Most importantly, the insecticides prevented the psyllid stylets from reaching and probing into the phloem tissue, thereby preventing inoculation and acquisition of the phloem-limited Lso. Thus, similar to abamectin, cyantraniliprole could become an important tool to potato farmers for effectively managing the potato psyllid and to potentially reduce the transmission and spread of Lso and ZC.
